lthough exogenous surfactant is of proven benefit in the prevention and treatment of the respiratory distress syndrome in infants, 1 its value in treating patients with the acute respiratory distress syndrome (ARDS) has not been established. Whereas infants with an immature lung have a deficit in surfactant production, patients with ARDS have decreased surfactant production as well as biochemical alterations of endogenous surfactant that impair surface-tension-lowering properties and decreased surfactant function in distal airways. 2 Normally, pulmonary surfactant phospholipids, acting in concert with surfactant proteins A, B, and C, cause alveolar surface tension to reach very low values at end expiration, thus preventing alveolar collapse. Surfactant also serves to prevent alveolar edema and maintain the patency of small airways and contributes to host defenses against microorganisms. [3] [4] [5] The overall lack of surfactant function in patients with ARDS may contribute substantively to the characteristic atelectasis, shunt, and gas-exchange abnormalities and may predispose such patients to pulmonary infection and injury from mechanical ventilation.
Numerous preclinical studies and several small clinical trials have suggested that exogenous surfactant may be beneficial in the treatment of patients with ARDS. [6] [7] [8] [9] [10] One large, double-blind, placebo-controlled trial of a nebulized, synthetic, protein-free surfactant showed no benefit, 11 perhaps owing to a low level of alveolar deposition and an absence of surfactant protein. No animalderived or synthetic surfactants containing surfactant proteins have been tested in large, controlled trials. A recombinant surfactant protein C-based surfactant that also contains phospholipids and palmitate (Venticute, Altana Pharma) has been found to have favorable results in preclinical studies, 12, 13 and two phase 1-2 clinical studies have shown a trend toward benefit. 14 We conducted two phase 3 trials to test the hypothesis that the administration of recombinant surfactant protein C-based surfactant within a period of 24 hours would decrease the requirement for mechanical ventilation in patients with ARDS. Secondary end points included safety, the survival rate on day 28, and oxygenation.
study design and enrollment
We conducted two independent, multicenter, randomized, parallel-group, double-blind, controlled, prospective studies between October 1999 and September 2000. The studies were designed and analyzed by a committee of six persons, including two representatives of the sponsor. All authors had full access to the study data and contributed to the final report, and no limits on the content of the report were imposed by the sponsor. One study was conducted at 54 centers in Canada and the United States, and the other study was conducted at 55 centers in Austria, Belgium, France, Germany, the Netherlands, South Africa, Spain, Switzerland, and the United Kingdom. Both studies were performed in intensive care units treating medical patients, surgical patients, or both. The institutional review board of each center approved the study protocol, and written informed consent was obtained from each patient's next of kin or legal representative before enrollment as well as from the patient if doing so became possible during the course of the study.
Enrollment criteria included a diagnosis of ARDS according to the criteria of the AmericanEuropean Consensus Conference on ARDS 15 and a requirement for endotracheal intubation and mechanical ventilation with a positive end-expiratory pressure (PEEP) of at least 5 cm of water. Patients with a variety of conditions associated with the development of ARDS were enrolled in the study. The events that predisposed patients to ARDS were recorded at the time of enrollment. The only difference in the design of the two studies was the timing of treatment after the diagnosis of ARDS. Treatment had to be initiated no later than 48 hours after the diagnosis in the North American study and no later than 72 hours in the European and South African study.
Patients were randomly assigned in a 1:1 ratio to receive either standard therapy for ARDS (as a control) or standard therapy plus up to four intratracheal instillations of recombinant surfactant protein C-based surfactant containing (wt/wt) 1.8 percent recombinant surfactant protein C (lusupultide), 63.4 percent 1,2-dipalmitoyl-sn -glycero-3-phosphocholine, 27.8 percent 1-palmitoyl-2-oleoyl-sn -glycero-3-phosphoglycerol, 4.5 percent palmitic acid, and 2.5 percent calcium chloride. One randomized patient had a serious adverse event during the baseline period and was not treated.
Before treatment, patients transiently received 100 percent oxygen and were sedated or sedated and paralyzed. Next, 1 ml of recombinant surfactant protein C-based surfactant (containing 1 mg of recombinant surfactant protein C and 50 mg of a methods phospholipids) per kilogram of lean body weight was administered in a continuous stream through a weighted blinding bag, which concealed the medication, and an opaque catheter inserted into the endotracheal tube, with the distal end approximately 1 cm above the carina. The first half of the dose was administered during a pause in mechanical ventilation in which PEEP was maintained and the patient was in the left or right lateral decubitus position, and the second half was administered similarly several minutes later, with the patient in the opposite lateral decubitus position. The concentration, volume of administration, and administration technique were derived from preclinical experience. 13 Up to three additional doses of this size were administered at 4-hour intervals within a period of 24 hours if the ratio of the partial pressure of arterial oxygen to the fraction of oxygen in inspired gas (PaO 2 :FiO 2 ) was in the range of 60 to 240 mm Hg and the patient remained intubated and mechanically ventilated with a PEEP of at least 5 cm of water.
To maintain blinding, surfactant was delivered from a syringe into the weighted blinding bag. In the control group, the blinding bags absorbed the study medication, whereas in the surfactant group, the study medication reached the patient's trachea through the opaque tubing. Instillations were followed by 20 ml of air to clear the opaque catheter. In addition, physicians responsible for weaning patients from the ventilator were absent at the time of study-drug administration.
The use of a well-described ventilation strategy involving a low tidal volume was recommended, 16 and investigators were urged not to change ventilator settings during the first 24 hours after treatment unless changes were required for the patients' safety. Patients were evaluated daily to determine whether they could be weaned from mechanical ventilation, and weaning was performed according to an established protocol. 17 
baseline and outcome assessments
The following variables were assessed at baseline and daily thereafter: tidal volume, PEEP, FiO 2 , PaO 2 , PaO 2 :FiO 2 , end-expiratory plateau pressure, and other ventilation variables; scores on the Acute Physiology and Chronic Health Evaluation (APACHE II) and the Sequential Organ-Failure Assessment (SOFA); and vital signs. Other assessments at baseline and during the 28-day study included measurements of hemodynamic variables, electrocardiography, blood gas measurements, and standard clinical laboratory measurements. We used the SOFA to determine the number of nonpulmonary organs that failed and to obtain an overall organ-failure score. 18 The primary outcome variable was the number of ventilator-free days, defined as the number of days the patient was alive and not receiving mechanical ventilation during the 28 days after treatment. Patients who died during the 28-day study period were considered to have had 0 ventilator-free days. Patients receiving a continuous positive airway pressure of 5 cm of water or less were considered to be free of the need for mechanical ventilation. For patients who required reinstitution of mechanical ventilation for more than 1.5 hours, only the days before the reinstitution of mechanical ventilation were counted as ventilator-free days. Secondary outcome variables included the excess area under the time curve for PaO 2 :FiO 2 , calculated as the area between the linearly connected PaO 2 :FiO 2 values during the first 24 hours after the first dose of surfactant and the line representing the baseline PaO 2 :FiO 2 value; the percentage of patients alive on day 28; the percentage of patients successfully weaned from mechanical ventilation by day 28; and changes in ventilatory variables.
statistical analysis
A sample size of 110 patients per group was chosen in each of the two studies to provide each study with a statistical power of 80 percent to detect a mean (±SD) difference between groups of 4±10 ventilator-free days. Aside from the exclusion of the single patient who had a serious adverse event during the baseline period and was not treated, all analyses were conducted according to the intention-to-treat principle. The significance of differences between groups was evaluated with the use of the two-sided Wilcoxon test or, for normally distributed populations, Student's t-test at the 5 percent level of significance. 19 The percentage of patients alive on day 28 was analyzed by a two-sided Fisher's exact test at the 5 percent level. Other categorical differences between groups were assessed with the use of the Cochran-Mantel-Haenszel test of nonzero correlation. Values are expressed as means ±SD unless otherwise noted.
We performed multivariate analyses of data from the two studies. To evaluate 28-day survival, we used a multivariate logistic-regression model with a backward-selection procedure. 20 We used a logistic model rather than a Cox model 21 in order to identify a robust survival effect of surfactant as opposed to a brief extension of survival. Baseline factors included in the initial model were treatment group, study (North American vs. European and South African), age, sex, body-mass index (the weight in kilograms divided by the square of the height in meters), APACHE II score, PaO 2 :FiO 2 , PEEP, peak inspiratory pressure, FiO 2 , predisposing events (trauma or surgery, pancreatitis, pneumonia, aspiration, multiple blood transfusions, sepsis syndrome, or other), and an interaction between treatment group and study. Variables with P values of less than 0.10 were retained in the model; the variables of treatment and study were kept in the model regardless of their P value.
To evaluate the number of ventilator-free days, we performed a multivariate Cox regression analysis. Because the distribution of the variable was highly skewed, we used a nonparametric Cox model (without censoring) rather than analysis of covariance. 22 Finally, we used multivariate analysis of covariance to evaluate oxygenation as measured by the area under the PaO 2 :FiO 2 time curve between baseline and 24 hours. For all multivariate models, model building was performed as described for the logistic-regression model.
Although the protocols of the two trials differed with regard to the timing of therapy, the mean intervals from the time of diagnosis to enrollment were similar in the two groups -21.7±8.3 hours in the North American study and 23.2±14.4 hours in the European and South African study. Thus, the two studies were actually identical in design, and we present the results of each study and of the two combined.
study populations
The North American study enrolled 221 patients, and the European and South African study enrolled 227 patients. Of these 448 patients, 224 received surfactant and 224 did not. The groups were similar at baseline with respect to age, sex, vital signs, arterial blood gas measurements, ventilatory variables, and SOFA scores (Table 1) . Although the mean APACHE II scores were similar in the two groups, the fraction of patients with a score above 23 was 75 percent greater in the surfactant group than in the control group (P=0.007) ( Table 1 ). The number of patients studied per site ranged from 1 to 14 in the North American study and from 1 to 18 in the European and South African study.
The factors predisposing patients to the onset of ARDS are listed in Table 2 . Sepsis was the most frequent predisposing event, followed by pneumonia and trauma or surgery. The most common diagnoses in the "other events" category were drug overdose, liver failure, pulmonary fat embolism, influenza, and septic shock. Fifty-four percent of the patients had more than one predisposing event; categories were nonexclusive. Patients with aspiration or pneumonia were considered to have ARDS as a result of a direct lung injury; all others were considered to have ARDS as a result of an indirect lung injury. Of the patients randomly assigned to receive surfactant, 91 percent received all four doses; the majority of undelivered doses were omitted because the criteria for retreatment were not met. Treatment was completed in 89 percent of the patients within 14 hours after enrollment.
end points
In the North American study, treatment with surfactant significantly increased the area under the PaO 2 :FiO 2 time curve, and this improvement was also significant in a univariate analysis when the data from the two studies were pooled (Table 3 ). In the multivariate analysis of this end point, the following variables remained in the final model: study (P=0.09), body-mass index (P=0.004), PaO 2 :FiO 2 value at baseline (P<0.001), and the predisposing event of pneumonia (P=0.03). A significant treatment effect (P=0.001) was observed. The mean difference in the area under the curve from baseline to 24 hours between the surfactant group and the control group was 305 mm Hg•hour in the univariate analysis and 331 mm Hg•hour in the multivariate analysis (95 percent confidence interval, 137 to 525). The average PaO 2 :FiO 2 values in the pooled group during the first 48 hours of treatment are shown in Figure 1 . Between 4 and 24 hours after the first treatment, the values were significantly greater in the surfactant group than in the control group. By 48 hours after the first treatment, the values did not differ significantly between the two groups.
There was no significant difference between the groups in the distribution or median number of ventilator-free days per patient during the 28 days after treatment ( Fig. 2 and Table 3 ). The overall median number of ventilator-free days was 0 The new england journal of medicine 888 (68 percent range, 0 to 26). The multivariate analysis of the pooled data with respect to this end point showed that surfactant, as compared with standard therapy, did not have a significant effect (P=0.51; relative risk of additional mechanical ventilation, 0.94; 95 percent confidence interval, 0.78 to 1.13); in contrast, baseline PEEP did have a significant effect (P=0.003; relative risk, 1.05; 95 percent confidence interval, 1.02 to 1.08), as did baseline peak inspiratory pressure (P=0.001; relative risk, 1.02; 95 percent confidence interval, 1.01 to 1.04), indicating that compromised lung function was associated with fewer ventilator-free days.
The survival rate at 28 days also did not differ significantly between the groups (Table 3 ). The overall survival rate 28 days after treatment was 66 percent. In the multivariate analysis of the pooled data with respect to this end point, the following variables remained in the logistic-regression model: study (P=0.001; odds ratio for death, 0.48; 95 percent confidence interval, 0.31 to 0.74), reflecting a lower mortality rate in the North American study than in the European and South African studies; APACHE II score (P=0.001; odds ratio, 1.06; 95 percent confidence interval, 1.02 to 1.10) and age (P<0.001; odds ratio, 1.04; 95 percent confidence interval, 1.02 to 1.05), indicating that severely ill and older patients were more likely to die than less ill and younger patients; and the baseline PaO 2 :FiO 2 value (P=0.07; odds ratio, 0.995; 95 percent confidence interval, 0.989 to 1.001), indicating that more severely compromised lung function was associated with an increased mortality rate. No significant treatment effect was observed (P=0.54; odds ratio, 1.14; 95 percent confidence interval, 0.74 to 1.75). Other clinical, physiological, and ventilatory measurements (including the SOFA score, partial pressure of carbon dioxide in arterial * Plus-minus values are means ±SD. P plat denotes end-inspiratory plateau pressure, PEEP positive end-expiratory pressure, FiO 2 fraction of oxygen in inspired gas, and PaO 2 partial pressure of oxygen in arterial blood. † Scores on the Acute Physiology and Chronic Health Evaluation (APACHE II) can range from 0 to 71, with higher scores indicating more severe illness. ‡ P=0.007 for the comparison with pooled data for the control group. § Sequential Organ-Failure Assessment (SOFA) scores range from 0 to 4 for each organ system, with higher aggregate scores indicating more severe organ dysfunction. We defined failing organs as those with an individual score of 3 or 4. blood, pH, peak inspiratory pressure, end-inspiratory plateau pressure, tidal volume, and PEEP) did not change significantly during the first 24 hours after the initiation of treatment. Approximately 60 percent of the patients had adverse events in the first 24 hours after the initial treatment -a frequency consistent with the complexity and severity of their disease. During this period, 51 of the 224 patients receiving surfactant (23 percent) and 11 of the 224 patients receiving standard therapy (5 percent) had adverse events that were probably or definitely related to treatment (P<0.001); 10 patients receiving surfactant (4 percent) and 4 patients receiving standard therapy (2 percent) had adverse events that were judged to be serious and probably or definitely related to treatment (P=0.11). The most common adverse events were hypoxemia, hypotension, and bradycardia.
post hoc analysis of direct versus indirect ards
In the subgroup of patients in the two studies with ARDS due to pneumonia, witnessed aspiration of gastric contents, or both (102 patients in the control group and 103 patients in the surfactant group), * Fifty-four percent of the patients had more than one predisposing event. (9) 10 (9) 9 (8) 13 (11) 19 (8) 23 (10) Multiple transfusions 3 (3) 10 (9) 8 (7) 7 (6) 11 (5) 17 (8) Pancreatitis 4 (3) 8 (8) 5 (5) 5 (4) 9 (4) 13 (6) Burn injury 2 (2) 2 (2) 1 (1) 1 (1) 3 (1) 3 (1) Direct toxic injury to the lung 1 (1)
Other events 25 (22) 16 (15) 21 (19) 20 (17) 46 (21) 36 (16) * The values are empirical means ±SD. † P=0.02 for the comparison with the control group by the t-test in a univariate analysis. ‡ P=0.06 for the comparison with the control group by the t-test in a univariate analysis. § P=0.003 for the comparison with the control group by the t-test in a univariate analysis. 
Ventilator-free days Median 68% range To analyze whether there were different treatment effects among patients with direct as compared with indirect lung injury, we evaluated all models for an interaction between treatment and the cause of ARDS (direct or indirect). This interaction was significant (P=0.002) for the mortality analysis and did not reach significance for the analysis of the number of ventilator-free days (P=0.14), indicating that among patients with ARDS caused by a direct lung injury, those who received surfactant tended to have a higher survival rate than those who received standard therapy. An oxygenation benefit was found across the entire population of patients who received surfactant (Table 3) , and thus, as expected, there was no significant interaction between the cause of ARDS and treatment (P=0.99). At baseline, the number of nonpulmonary organs that were failing (with failure of an organ defined as a SOFA score of 3 or 4) was significantly greater in the group of patients with indirect ARDS than in the group of patients with direct ARDS (P= 0.02) (Fig. 3) .
The results of our two studies of recombinant surfactant protein C-based surfactant show that although surfactant therapy improved oxygenation, it did not increase the number of ventilator-free days or reduce mortality in a heterogeneous population of patients with ARDS. These results are somewhat unexpected, since preliminary studies showed that recombinant surfactant protein C-based surfactant, discussion Patients with 0 ventilator-free days included those who were never free from mechanical ventilation and those who died within 28 days after treatment, regardless of their need for mechanical ventilation. There were no significant differences between the two groups. administered as it was in our trials, might provide clinical benefit. 14 It is a frequent and unfortunate finding in intensive care studies that encouraging results from phase 2 studies are not replicated in larger, phase 3 studies. 23 It is possible that there is no population, or only a very specific population, of patients with acute lung injury who will benefit from exogenous surfactant treatment. Although patients with the highest APACHE II scores were overrepresented in the surfactant group as compared with the control group, the differences in outcome between the groups remained nonsignificant after adjustment for the severity of illness.
A distinction between ARDS associated with direct lung injury and that associated with indirect injury has been proposed, 24 and such a distinction might be used to define groups that are more homogeneous with respect to mechanisms of lung injury. To determine whether treatment with recombinant surfactant protein C-based surfactant might specifically benefit patients with ARDS related to direct lung injury, we performed a post hoc analysis of patients with ARDS due to pneumonia, aspiration, or both -processes with pathophysiological mechanisms that primarily affect the lung. The interaction between treatment and the mechanism of lung injury was significant in the mortality analysis, suggesting that among patients with direct ARDS, patients who received surfactant tended to have higher survival rates than patients who received standard therapy. These observations suggest that whereas surfactant treatment may improve oxygenation in patients with various predisposing factors for ARDS, patients with direct lung injury and fewer severe coexisting conditions also derive a survival benefit. Patients with indirect lung injury form an extremely heterogeneous group. The post hoc analysis showing worsened survival among patients who received surfactant has no clear explanation and must be viewed with caution.
Were the type of exogenous surfactant and the dosing schedule adequate? Studies comparing various surfactants indicate that recombinant surfactant protein C-based surfactant has excellent properties in animal models of acute lung injury, despite the absence of other surfactant-associated proteins. 12, 25 The dosing schedule we used resulted in most patients' receiving all four doses of surfactant within 12 hours after enrollment. In other trials, patients have received up to eight doses, 7 or the repeated administration of surfactant has been left to the investigators' discretion during a treatment period lasting several days. 10 Indeed, on the basis of oxygenation data in our studies, we suspect that our treatment window might have been too narrow. Improvements in oxygenation in certain subgroups of treated patients tended to decline 12 hours or more after the completion of the therapy. The antiinflammatory effects of surfactant treatment, as reflected by the levels of interleukin-6 in lung-lavage fluid and plasma, are also similarly transient when treatment is confined to a 12-hour period. 14 Taken together, these observations indicate the probable need for a prolonged treatment period, possibly with greater intervals between doses or with a larger number of doses than those studied thus far.
In summary, we found that oxygenation, but not outcome, improved after up to four intratracheal instillations of recombinant surfactant protein C-based surfactant within a 24-hour period in two large studies of patients with ARDS. Thus, the routine use of surfactant in the treatment of patients with ARDS is not justified. Direct ARDS was defined as ARDS due to pneumonia, aspiration, or both. The number of nonpulmonary organs that failed (with failure of an organ defined as a score of 3 or 4 SOFA) was significantly greater among patients with indirect ARDS than among those with direct ARDS (P=0.02). 
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